Border cell migration during Drosophila oogenesis is a potent model to study collective cell migration, a process involved in development and metastasis. Border cell clusters adopt two main types of behaviour during migration: linear and rotational. However, the molecular mechanism controlling the switch from one to the other is unknown. Here, we demonstrate that non-muscle Myosin II (NMII, also known as Spaghetti squash) activity controls the linear-torotational switch. Furthermore, we show that the regulation of NMII takes place downstream of guidance receptor signalling and is critical to ensure efficient collective migration. This study thus provides new insight into the molecular mechanism coordinating the different cell behaviours in a migrating cluster.
INTRODUCTION
Collective cell migration plays a key role in normal development and in pathological conditions such as metastasis formation (Thiery, 2009 ). This mode of migration applies to different sizes of cell cohorts and can adopt various organisations such as sheets, strands or small clusters (Friedl and Gilmour, 2009; Malet-Engra et al., 2015) . However, how cell dynamics are coordinated during collective migration in response to extracellular cues remains an intriguing question. Border cell migration during Drosophila oogenesis is a simple model to study collective cell migration in vivo (Montell et al., 2012) . These groups of cells migrate between nurse cells to reach the oocyte (Fig. 1A) . The directionality of border cell migration is defined by the polarised activity of guidance receptors, the epidermal growth factor receptor (EGFR) and the platelet-derived growth factor (PDGF)-and vascular endothelial growth factor (VEGF)-receptor related (PVR) . Studies of border cell movements have revealed that migration is divided into two phases: a linear movement characterises the early phase (the first half ) with a single cell leading the others, whereas later, the forward migration appears less organised with rotational (also called tumbling) movement in which each cell of the cluster is able to take the lead to drive the migration (Bianco et al., 2007; Poukkula et al., 2011) .
Although PVR and EGFR seem redundant, PVR mostly controls the first step of migration and EGFR the second step (Poukkula et al., 2011) . However, apart from this implication of guidance receptors and potentially the Hippo pathway (Lucas et al., 2013) , nothing is known about the molecular mechanisms that drive the switch between the two modes of migration. In this study, we show that non-muscle Myosin II (NMII, also known as Spaghetti squash) is necessary to promote a rotational behaviour in addition to its role in the detachment process (Majumder et al., 2012) . Moreover, we show that EGFR regulates positively NMII, whereas PVR has an inhibitory impact on NMII activity. Taken together, these data demonstrate the central role of NMII in the control of the migratory behaviour of border cells.
RESULTS AND DISCUSSION Control of NMII activation is crucial for ensuring collective migration
Given that NMII is highly expressed in border cells (Edwards and Kiehart, 1996) and that actin dynamics is the main driving force during border cell migration (Majumder et al., 2012; Murphy and Montell, 1996) , we asked whether the actomyosin cytoskeleton could be involved in the switch between these two behaviours. First, we tested the role of NMII regulation in the efficiency of collective migration in terms of speed and ability of the cells to reach their destination. We calculated the average speed of each type of migration in NMII-activated [overexpression of the active version of its kinase ROCK (ROCK CA) or overexpression of a constitutively active version of Rho1 (RhoV14)] or -inactivated (expression of RNAi against ROCK or NMII or overexpression of the Mbs phosphatase, a negative regulator of NMII activity) clusters. In both cases, we observed a decrease in the speed of border cell migration ( Fig. 1B) . A decrease in migration speed would theoretically result in a migration delay. In order to quantify whether such a delay occurs, we took advantage of the fact that wild-type border cells perform a stereotypical migration that is completely achieved by stage 10 of oogenesis. Therefore, we could precisely determine the migration index (i.e. mean migrated distance) and completion index (i.e. the proportion of clusters having reached the oocyte). To do so, the egg chamber was divided into five sections corresponding to different positions along the migration path (no migration, 0%; full migration, 100%). The number of border cell clusters in each section was counted on fixed egg chambers at stages 9 and 10 of oogenesis ( Fig. S1A ). Preventing NMII activation led to lower migration and completion indexes compared to the control in both stages 9 and 10 egg chambers due to slower migration and detachment defects ( Fig. 1C -F; Fig. S1A,B ). However, locking NMII signalling in an activated state led to only moderate (stage 9) and surprisingly weak (stage 10) migration defects ( Fig. 1C -F; Fig. S1A,B ). Taken together, these results reveal that tight regulation of NMII is essential for optimised border cell migration. 
Myosin activation is required to induce rotation
Next, we investigated the NMII distribution pattern in border cells during migration. We used live imaging of border cell clusters expressing NMII fused to GFP (Royou et al., 2002) and NLS-dsRed (to visualise nuclei). We first verified that accumulation of NMII-GFP signal colocalised with staining of phosphorylated NMII ( phospho-NMII), showing that NMII-GFP was a good readout for NMII activity in vivo ( Fig. S2A,B ). Our analysis revealed an accumulation of NMII-GFP signal at the periphery of the cluster that correlated with the occurrence of rotation ( Fig. 2A,B; Fig. S2C ), suggesting a link between NMII activity and the linear-to-rotational migration switch. Moreover, we asked whether NMII accumulation occured in specific regions of the cluster. We divided the group of cells in four sections and measured NMII levels in each sector (Fig. 2C ). This analysis showed that NMII accumulation could occur in any cells of the clusters. These data indicate that NMII accumulation is highly dynamic throughout the cluster, which was confirmed by live analysis (Movie 1). To further study the role of NMII regulation during the linear-to-rotational switch, we manipulated the level of NMII activity and assessed its impact on the migratory behaviours. Decreasing NMII activity, through expression of ROCK RNAi in border cells, inhibited NMII accumulation at the cluster periphery in both the early and late phases of migration ( Fig. 3A,B ). Moreover, as compared to control ( Fig. 2A ), NMII-depleted border cell clusters mostly migrate in a linear fashion regardless of their position in the egg chamber and without affecting individual cell dynamics (Movies 2, 3, Fig. S2D ,E). Indeed the linearity index and rotation speed (for an explanation of the method, see Fig. S3 ) of clusters expressing ROCK RNAi in the late migration phase was comparable to that of wild-type early phase clusters ( Fig. 3C,D; Movie 2). Consistent with this, as NMII activity is already weak in the early phase, ROCK RNAi had no impact on the migratory behaviour in this phase (Fig. S4A,B) . Overexpression of the NMII phosphatase Mbs or NMII RNAi had a similar impact on migration behaviour ( Fig. 3C ,D; Figs S2D, S4A,B and Movie 3). Thus, inhibiting NMII activation prevents the switch from linear to rotational migration. In contrast, ectopic activation of NMII, using ionomycin drug treatment, or through overexpression of ROCK CA or RhoV14, led to a strong peripheral accumulation of NMII (Fig. 3A,B) . Except for RhoV14, this correlates with rotational migration because the beginning of migration was characterised by a low linearity index and a high rotational speed from early to late phases, as for the wild-type late phase migration ( Fig. 3C,D; Fig.  S4A ,B, Movies 4, 5). The paradoxical effect of RhoV14 could be due to the myriad of signalling cascades activated by Rho that could affect cell dynamics. Taken together, these data indicate that NMII activation is necessary and might be sufficient to induce rotational migration, and that regulation of NMII is essential for the linear-torotational switch as locking NMII in one state leads to a uniform mode of migration (linear when NMII activity is low, and rotational when NMII activity is high).
EGFR and PVR oppositely control NMII activity
Guidance receptors PVR and EGFR have been shown to play a pivotal role in the control of early and late border cell migration (Poukkula et al., 2011) . Thus, we asked whether these guidance receptors were responsible for the regulation of NMII activity during border cell migration. We first explored the relationship between guidance receptors and NMII by scoring for migration efficiency in clusters where the receptor tyrosine kinase (RTK) and NMII activities had been manipulated. We found that reducing NMII by RNAi in clusters overexpressing PVR WT or EFGR WT modified the migration index of these clusters to the level of NMII loss of activity (Fig. S4C,D) . These data indicate an epistatic relationship between guidance receptors and NMII. As rotational movement occurs in the second phase of migration when EGFR is predominant, we hypothesised that EGFR could activate NMII. To test this, we first overexpressed the wild-type form of EGFR. Overexpression of EGFR induced an increase of NMII activity in the early phase of migration (Fig. 4A,B) . Consistent with this, under this condition, rotation was also increased in the early phase ( Fig. 4C,D; Fig. S4E ,F, Movie 6). We then investgated the impact of PVR on the migratory behaviour. Overexpression of a wild-type form of PVR reduced the NMII signals as well as rotational movement in the late phase of migration ( Fig. 4A-D; Fig. S4E ,F, Movie 7). These data are consistent with a permanent Rac polarisation signal due to PVR expression (Fernandez-Espartero et al., 2013; Poukkula et al., 2011) and indicate that guidance receptors regulate NMII activity in order to control border cell behaviour. It can be inferred from these data that PVR contributes to inhibition of NMII activity, which prevents rotation in the early phase. Such inhibition could be mediated through Rac signalling. In a second phase, EGFR activates NMII to promote the switch from linear-to-rotational movement. To confirm this model, we decided to inhibit guidance receptors by overexpressing their dominantnegative form. Inhibition of PVR induced an increase in NMII-GFP in the early phase of migration concomitantly with a rotational movement ( Fig. 4A-D; Fig. S4E,F, Movie 8) . This result is consistent with a model stating that in the absence of PVR signalling in the first phase, EGFR activity becomes dominant, leading to an overt rotational behaviour as in a control late phase. Moreover, it confirms that PVR has a negative impact on NMII activity. Then, the inhibition of EGFR in the early phase of migration decreases the linearity index without affecting the rotation speed (Fig. S4E,F) . This data confirms that EGFR and PVR have partially redundant functions on the regulation of movement linearity (Poukkula et al., 2011) . Surprisingly, EGFR DN overexpression had a moderate effect on NMII activity in the second phase and no effect on the migratory behaviour ( Fig. 4C,D; Movie 9 ). This result suggests that NMII regulation in the second phase of migration could also depend on other internal or external cues. Alternatively, this effect could be explained by the decrease of PVR activity in the second phase, which would lead to a decreased inhibition of NMII activity, and thus to a normal tumbling behaviour. Finally, we asked whether NMII activation was crucial in EGFR-induced rotational behaviour.
To do so, we inhibited NMII activation in the clusters overexpressing EGFR using ROCK or NMII RNAi. Strikingly, impairing NMII activation in this context was sufficient to prevent the switch to rotational movement (high linear index and low rotational speed) ( Fig. 4C,D; Movies 10, 11) . Consistent with this, inhibition of NMII activity in PVR WT -expressing clusters did not modify the migratory behaviour (Fig. 4C,D) . Taken together, these experiments demonstrate that PVR signalling inhibits, whereas EGFR activates, NMII activity in the early and late phases, respectively (Fig. 4E ). Furthermore, we conclude that NMII regulation is the key molecular event controlling the linear-torotational switch downstream of guidance receptor signalling during border cell migration. (n≥31). Intensity values are normalised to the early WT value. (C) Linearity index quantification in the indicated genotypes (WT, n=11; EGFR WT , n=15; PVR DN , n=14; PVR WT , n=13; PVR WT ROCK CA, n=10; EGFR DN , n=15; EGFR WT ROCK-RNAi, n=11; EGFR WT NMII-RNAi, n=12; PVR DN NMII-RNAi, n=13). (D) Rotation speed quantification in the indicated genotypes (WT, n=11; EGFR WT , n=15; PVR DN , n=14; PVR WT , n=13; PVR WT ROCK CA, n=10; EGFR DN , n=15; EGFR WT ROCK-RNAi, n=11; EGFR WT NMII-RNAi, n=12; PVR DN NMII-RNAi, n=13). (E) Model for the regulation of border cell migration behaviour. Results are mean±s.e.m. *P<0.05; **P<0.001; ***P<0.0001 (t-test).
NMIIa key player that controls collective movement behaviours
Our data reveal the molecular mechanisms that control the linear-torotational switch occurring during collective cell migration. We show that border cell migration requires finely tuned NMII regulation during both linear and rotational motility modes. Furthermore, our results suggest that EGFR controls the linear-torotational switch upstream of NMII signalling. Our hypothesis is that guidance receptor signalling controls rotation. Indeed, it has been shown that PVR controls the first phase of migration, whereas EGFR controls the second phase (Poukkula et al., 2011) . Accordingly, our data demonstrate that PVR and EGFR act antagonistically on the NMII-dependent linear-to-rotational switch. Indeed, PVR activates Rac signalling, which could be responsible for NMII inhibition in the early phase (Bianco et al., 2007; Fernandez-Espartero et al., 2013) , whereas EGFR activates NMII during the second half of migration, thus promoting rotational migration. Moreover, we demonstrate that overexpression of EGFR DN reduces early linear migration, which suggests that EGFR is playing a role in the first phase of migration. Consistent with this, Poukkula et al. have demonstrated that EGFR DN overexpression combined to reduce the level of the PVR effects on the early phase of migration even though EGFR DN overexpression has only a small effect on the early movement by itself (Poukkula et al., 2011) . These data show that PVR and EGFR have partially redundant functions, explaining the impact of EGFR DN on the early phase of migration. Finally, it has been demonstrated that clusters lacking EGFR are not able to migrate more than 50% of the migration distance, suggesting that EGFR is absolutely required for the late migration phase . Taken together, these data allow us to propose a model where the early migration phase is mainly controlled by PVR signalling through Rac polarisation. In this phase, EGFR could act redundantly to control migration. In late migration phase, EGFR alone controls the migration behaviour by regulating both Rac and NMII (Fig. 4E ).
We show that locking NMII into either an inactivated or activated state affects the speed of migration. The fact that linear migration efficiency is also affected when NMII is inhibited suggests that, rather than total inhibition, linear migration might require restricted activation of NMII. The linear-to-rotational switch could thus be linked to a change in NMII activity level from the single cell to the cluster level. Indeed, localised NMII signalling could be required during the initial polarised migration, whereas collective NMII regulation would dominate the later phase for more efficient migration through the nurse cells (Majumder et al., 2012) . We suggest that rotation and activation of NMII could be a response to environmental changes. Indeed, border cell clusters meet different types of nurse cell organisation, which could impact on their morphology directly and/or indirectly through modification of the local distribution of the gradient or mechanical stress.
Using NMII regulation to switch from one mode to the other ensures a rapid, coordinated cell adaptation that might be crucial for optimal migration both during development and cancer metastasis. Future work should further unravel the complexity of guidancereceptor-dependent NMII regulation during collective cell migration.
MATERIALS AND METHODS

Fly genetics
slbo-Gal4, UAS-mCD8::GFP UAS-NLS-dsRed drives UAS transgene expression. Other stocks used were: UAS-PVR DN , UAS-EGFR DN , UAS-PVR, UAS-EGFR; UAS-ROCKcat (from Bloomington), UAS-MbsN300 (from Jessica E. Treisman, New York School of Medicine, Skirball Institute of Biomolecular Medicine, USA); Sqh-GFP (myosin-GFP, from Eric F. Wieschaus, Department of Molecular Biology, Princeton Univeristy, USA). UAS-RNAi lines were from either Bloomington or Vienna Drosophila Centers (ROCK-RNAi, BL28797; Sqh-RNAi, V109493). All stocks were maintained at room temperature. Before dissection, flies were flattened at 30°C overnight with dry yeast.
Time-lapse imaging and immunofluorescence
Time-lapse imaging was performed as previously described (Prasad et al., 2007) . z stacks with a 1.5-μm interval were taken every 3 min for 180 min. Ionomycin (3 µM, from Invitrogen 20 min) treatment and immunofluorescence imaging was carried out as previously described (Zhang and Ward, 2011) . Antibodies used were anti-phospho-NMII (from Robert Ward, University of Kansas, USA; 1:1000) and Alexa-Fluor-555conjugated anti-guinea-pig-IgG antibodies (Fischer Scientific, 1:400). Images were captured using a Zeiss 710 microscope or a Leica DM6000 and processed with Image J.
Mathematic analysis of rotational and linear behaviour Manual tracking
We tracked each nucleus within a cluster in 3D through the plugin MtrackJ from ImageJ software.
Measurement of rotation speed
The 2D trajectories of individual cells are corrected to the cluster centre. We measured the angle between the positions of an individual border at two different time points and the cluster centre. Rotation speed was calculated using the following equation:
Rotation speed (degree/s) ¼ atanðy n =x n Þ À atanðy nÀ1 =x nÀ1 Þ t n À t nÀ1 Â 180 p Â 60;
where x n and y n are nuclei position in x and y at the time n, x n−1 and y n−1 are nuclei position in x and y at the time n−1, and t is the time. This calculation is done for any time point of a movie and the final result represents the mean of the rotation speeds.
Measurement of linearity index
The linearity index was calculated as the average of the cumulative migrated distance of the cluster centre divided by the cumulative distances migrated by each nucleus.
Quantification of Myosin II intensity
NMII-GFP intensity levels at the 2D and 3D cluster cortex region were quantified by Image J software. The cytoplasmic signals were excluded for the analysis.
Migration speed
The distance of the cluster centre between the first and last time points was divided by the elapsed time.
Migration speed of individual border cell
The distance covered by individual border cell between each time point was measured and divided by the elapsed time.
Quantification of border cell phenotypes
Migration phenotypes were calculated as described previously (Assaker et al., 2010) .
